The river environment is a highly complex system with a variety of processes continuously changing along its continuum (River Continuum Concept). Therefore identification of the threats that result from different elements of the river ecosystem is an intricate task, mainly because of the transportation and biological, geological and chemical processes occurring in such a system. The overall objective of the presented study was to examine the concentration and pattern of polychlorinated dibenzo-para-dioxins (PCDDs), polychlorinated dibenzofurans (PCDFs) and dioxin-like 
INTRODUCTION
Polychlorinated dibenzo-para-dioxins (PCDDs), polychlorinated dibenzofurans (PCDFs) and dioxin-like polychlorinated biphenyls (dl-PCBs) are groups of synthetic organic chemicals that can be found in many compartments of the environment, especially in organisms that are at the top of the food chain and may accumulate in significant amounts in these organisms. Their distribution in the environment is related to water and biogeochemical cycles. Moreover, toxicity, persistence and accumulation of Thus, sediments in the reservoir act as a sink for most of the PCDDs/PCDFs and dl-PCBs, and are important in longterm pollution assessment studies and the monitoring of ecosystem stress (Thompson et al. ) .
According to ecohydrology theory, strategy for reduction of the threat posed by PCDDs, PCDFs and dlPCBs to aquatic ecosystems, and consequently to human health, should be based not only on reduction of their emission into the river environment (a gradual process based on clean technologies and policy) but mostly on: (1) 
MATERIALS AND METHODS

Study site
The Sokołówka River (drainage area of 45.40 km 2 ) is situated in the north-western part of the city of Łódź, Central Poland ( Figure 1 ) and represents a highly urbanized and industrialized catchment area that is contaminated with organic compounds due to sewer and stormwater overflows.
The main stretch of the river was channelized to straighten the course and deepen the bed for the purpose of stormwater retention. Two landscaped retention reservoirs were restored (ponds nos. III and IV) to improve the retention capacity of the urban landscape, and to reduce the stormwater flow peaks along the river length. These ponds, together with the pre-existing old ponds nos. I, II and V, were selected as a study area for the presented research.
The new multipurpose reservoirs fit within the river valley and create a picturesque landscape, nesting sites for birds and recreation areas. The ecohydrology theory postulates the use of such reservoirs as sites that are friendly both to the environment and to humans, and act as an element of the 'blue-green network' of the city of Łódź (Wagner & Zalewski , ) .
The studied reservoirs differ from each other in age, size, theoretical water residence time, light intensity and input flow. Nevertheless, all of these reservoirs can be regarded as small impoundments, with riverine character and short water retention time (Table 1) .
Reservoir I
The first pond, situated in the Adam Mickiewicz Park, in the vicinity of a large housing development, has a surface area of 16,400 m 2 and a capacity of 22,500 m 3 . The average water retention time is 8.7 days. The age of the reservoir was assessed as more than 100 years old (Jokiel & 
Reservoir II
The second pond, also situated in the Adam Mickiewicz Park, covers an area of 11,000 m 2 with a capacity of 11,100 m 3 and an average water retention time of 3.9 days.
The age of this reservoir, similarly to reservoir I, is more than 100 years old ( Jokiel & 
Reservoir V
Reservoir V is located on the outskirts of the city, in the middle section of the river valley, which has maintained a semi-natural character. Additionally, the reservoir is a recipient of waters from a tributary of the Sokołówka River -the Brzoza River (Figure 1 ), which is also a stormwater receiver. Interfering material was removed using a multilayer silica column and a florisil column. Elution was performed with 200 mL of hexane and solvent volume was reduced to 5 mL by rotary evaporation and the sample was concentrated Technology ). The precision, the limits of detection and the limit of quantification of the analysed PCDD, PCDF and dl-PCB congeners are presented in Table 2 .
Statistics
The presented data were subjected to statistical analyses using 'Statistica' software for Windows. The non-parametric
Friedman analysis of variance (ANOVA) test was used to detect differences in the treatments across the studied cascade reservoirs. The Wilcoxon matched pairs test was used to compare the obtained concentrations in two paired reservoirs. Significance was determined based on a probability level of p 0.05.
RESULTS
The data obtained demonstrated that the 17 total 2,3,7,8- respectively, whereas in other ponds it ranged from 0 to 9.79% (Table 4) . 
-, statistically not significant; þ, statistically significant with p-value 0.05. (Table 3 ).
The contribution of PCDF congeners varied along the cascade of reservoirs, starting from a high contribution of lower chlorinated congeners in the first reservoir (mainly tetrachlorodibenzofuran (TCDF) and pentachlorodibenzofuran (PeCDF) accounting respectively for 13.9 and 13.4%
of the total amount of PCDFs) in favour of the highly chlorinated chemicals in the last ponds (mainly 1,2,3,4,6,7-heptachlorodibenzofuran (1,2,3,4,6,7-HpCDD) and octachlorodibenzofuran (OCDF)) contributed to 67.4 and 35.8% in ponds IV and V. The exception to this rule was 1, 2, 3, 4, 6, 7, 2, 3, 4, 6, 7, , which showed a 11.7% decrease between reservoirs III and IV. Moreover, 38.6% reduction of the OCDF congener contribution was observed between the last two ponds (Table 4) .
Spatial distribution of dl-PCBs along the cascade reservoirs of the Sokołówka River
The dl-PCB concentrations decrease from reservoirs I-III, from 243 in I to 40.9 ng/kg d.w. in III (Table 1) Table 4 ).
Statistical analysis
The comparison of PCDD congeners concentrations using the Friedman ANOVA test showed no statistically relevant differences among the reservoirs studied; the same result was observed for PCDF congeners. Opposite results were obtained for dl-PCB and WHO-TEQ concentrations with differences confirmed.
Statistical analysis using the Wilcoxon matched pairs test showed that, in case of all congeners, concentrations of almost all testing pairs of reservoirs were statistically different, with the exception of the two pairs: I and II and I and IV (Table 3 ). In the case of PCDD congeners the statistically relevant differences were obtained for the following pairs: I and V, and IV and V (Table 3) . Also in the case of PCDF congeners only two pairs showed statistically significant differences (II and III; III and IV). The dl-PCB congeners concentrations were different in case of seven pairs of reservoirs (Table 3 ). Among all the tested reservoir pairs the most similar were: I and IV, and I and II, as for the first pair there were no statistically relevant differences and for the second pair significant differences were noted only for dl-PCB. The two pairs of reservoirs II and III, and III and IV differed the most as relevant differences were obtained in three out of the four cases.
DISCUSSION
The concentrations of total PCDDs, PCDFs and dl-PCBs and WHO-TEQ obtained in the reservoirs studied (Table 5) were in the range of the concentrations recorded in other water ecosystems worldwide (Table 6) . Differences between the presented levels may result from the variety of PCDD, PCDF and dl-PCB sources, including atmospheric deposition, industrial and domestic effluents, stormwater, spills and others.
In our study, the highest accumulation of PCDDs, PCDFs and dl-PCBs was recorded in the reservoirs situated at the end of the river system (reservoirs IV and V). Moreover, all samples contained very high concentrations of OCDD and OCDF, and relatively high concentrations of HpCDDs and HpCDFs (Tables 4 and 5 ). This situation Nieuwoudt et al. () can be linked to the input of PCDDs, PCDFs and dl-PCBs from the range of sources mentioned above, including the input of wastewater and stormwater as well as hydraulic transportation along the reservoirs that can affect their final spatial distribution in the cascade reservoirs studied.
Input of wastewater
The results showed the strong predominance of PCDDs in the total PCDD/PCDF concentration (accounted for up to The use of pigments and dyes in the textile processing may have discharged some amounts of PCDDs/PCDFs to the sewer system and subsequently to the rivers, due to the fact that the sewer system of Łódź collects domestic and industrial wastewater and stormwater and that the rivers are frequently used as wastewater receivers. Allock & Jones () and Bostian et al. () reported that pigments such as chloranil or dyes produced on the basis of chloranil may contain from 300 to 2,900 and from 2 to 200 μg TEQ/kg of dioxins, respectively, with the predominance of OCDD congener ranged from 77 to 100% of the total of the seven PCDD studies, a finding that was similar to that of our study in which OCDD predominance (up to 93%) was also observed (Table 4 ).
The disposal of domestic sewage and industrial effluents from the neighbouring factory into reservoir IV (confirmed during field visits) and the extended water retention time of this reservoir related to its location on the right river bank, caused the accelerated growth of phytoplankton (Urbaniak et al. ) . The exchange of pollutants between the deposited sediments and the water column due to foraging of benthivorous fish such as crucian (Carassius carassius) and Prussian carps (Carassius gibelio), tench (Tinca tinca) and roach (Rutilus rutilus) can lead to an increased concentration of pollutants in the water column.
In reservoir IV not only was twice as much fish biomass noted as catch per unit effort (CPUE; Puertas & Bodmer ) but also the proportion of larger specimens, which are more effective in sediment resuspension, was clearly higher than that found in the III and IV impoundments (Table 1 ). This finding means that the highest rate of sediment and water mixing, boosting the water column in sediment-associated pollutants, should be observed in IV reservoir and could generate the higher PCDD/PCDF and dl-PCB concentration in the water. Our earlier study con- (Table 4) . Also, the highest WHO-TEQ concentration of 18.9 ng TEQ/kg d.w. is reported for this reservoir. Additionally, it can be emphasized that the twofold increase in the urbanized catchment area (from 3.64 km 2 for the reservoir I to 6.56 km 2 for the reservoir (Table 3) . Also for the other pairs, taking into account reservoir III (I and III; III and V), statistically significant differences were noted (Table 3) 
